















GREEN TO GREY: NUMERICAL EXPERIMENTS TO EXPLAIN MULTI-SCALE 
HYDROLOGIC RESPONSES TO MOUNTAIN PINE BEETLE  




























Colin Andre Kress Penn 
! ""!
 A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 





        Signed: _______________________ 
                 Colin Penn 
 
        Signed: _______________________ 
                Dr. Reed Maxwell 





        Signed: _______________________ 
                 Dr. David Benson 
                      Program Head 
 Hydrologic Science and Engineering 
 
Signed: _______________________ 
                       Dr. Paul Santi 
                            Department Head 







The scaling behavior of mountain pine beetle (MPB) induced tree mortality impacts on a 
headwater hydrologic system were investigated using an integrated physical modeling 
framework with a high-resolution computational grid. A Green Phase simulation and Grey Phase 
simulation with 36% impacted area, each with identical atmospheric forcing for a normal water 
year, were analyzed at multiple scales to examine the factors that control differences between 
them. Individual locations within the larger model were shown to maintain hillslope-scale 
processes affecting snowpack dynamics, total evapotranspiration, and soil moisture that are 
comparable to several field based studies and previous modeling work. At larger scales, the 
magnitude of MPB impacts were obscured due to compensating factors, and the role of 
unimpacted terrain influence was included. Increasing late-summer soil evaporation was shown 
to compensate for reduced transpiration in the Grey Phase, while overall snowpack dynamics 
were more dependent on elevation effects than MPB impacts. Annual water yield increased 
during Grey Phase simulations by 11%; an amount that would be difficult to assess with long-
term gage observations due to inter-annual climate variability. The scaling behavior of MPB 
impacts show that effects on hydrology observed at the hillslope scale can be dampened when 
considering a larger and more dynamic system. This behavior may change under extreme 
conditions, e.g. increased total MPB impacted area or a water year with above average 
snowpack. The fine-scale resolution of this model has the ability to inform future observations 
and the inputs that regional-scale modeling should incorporate to better represent this dynamic 
system. 
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ABSTRACT 
 The scaling behavior of mountain pine beetle (MPB) induced tree mortality 
impacts on a headwater hydrologic system were investigated using an integrated physical 
modeling framework with a high-resolution computational grid. A Green Phase 
simulation and Grey Phase simulation with 36% impacted area, each with identical 
atmospheric forcing for a normal water year, were analyzed at multiple scales to examine 
the factors that control differences between them. Individual locations within the larger 
model were shown to maintain hillslope-scale processes affecting snowpack dynamics, 
total evapotranspiration, and soil moisture that are comparable to several field based 
studies and previous modeling work. At larger scales, the magnitude of MPB impacts 
were obscured due to compensating factors, and the role of unimpacted terrain influence 
was included. Increasing late-summer soil evaporation was shown to compensate for 
reduced transpiration in the Grey Phase, while overall snowpack dynamics were more 
dependent on elevation effects than MPB impacts. Annual water yield increased during 
Grey Phase simulations by 11%; an amount that would be difficult to assess with long-
term gage observations due to inter-annual climate variability. The scaling behavior of 
MPB impacts show that effects on hydrology observed at the hillslope scale can be 
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dampened when considering a larger and more dynamic system. This behavior may 
change under extreme conditions, e.g. increased total MPB impacted area or a water year 
with above average snowpack. The fine-scale resolution of this model has the ability to 
inform future observations and the inputs that regional-scale modeling should incorporate 
to better represent this dynamic system.  
1.1 INTRODUCTION 
 The Rocky Mountain region provides water resources and drinking water supply 
for more than 33 million people in 13 states of the Western US [Furniss et al., 2010]. 
Changes initiated within this ecosystem may be widespread, propagating throughout the 
interconnected hydrologic and anthropogenic system in the form of urban water 
restrictions, irrigation limits, fluctuations in water treatment costs, flooding, effect to 
recreational and tourism business, etc. Understanding the downstream connectivity of 
mountain headwaters to larger river systems is important for water resource planning and 
policy, especially when possible climatic or ecological changes are present [Nadeau and 
Rains, 2007]. 
 Over the past decade, widespread tree mortality as a result of bark beetle 
infestation has caused visual and physical change to forested regions of the mountain 
west. Among a number of endemic bark beetle species, the mountain pine beetle 
(Dendroctonus ponderosae, MPB) preferentially infests lodgepole pines, causing 
substantial mortality in lodgepole stands from New Mexico to British Columbia [Edburg 
et al., 2012]. In areas of the Colorado, stand mortality has reached levels as high as 90% 
removal of overstory canopy structure and 70% removal of basal area [Collins et al., 
2011].  The rapid spread of MPB in this region has been attributed to a variety of drivers, 
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including increased drought stress in forests and subsequent decrease in natural tree 
defenses, increased reproductive cycles of MPB, increases in minimum winter 
temperature, and weakened host availability in monoculture lodgepole stands [Raffa et 
al., 2008; Mitton and Ferrenberg, 2012; Williams et al., 2012; Walter and Platt, 2013]. A 
combination of these drivers have resulted in unprecedented levels of tree mortality as a 
result of blue stain fungus (Grosmannia clavigera) carried by MPB in a symbiotic 
relationship. As the fungus germinates within the bark it spreads into the phloem and 
essentially inhibits water transport within the tree, hastening tree mortality and cutting 
natural defenses to expel the beetle [USFS, 2011]. Just as the MPB affects individual tree 
physiology related to water transport, the rapid loss of forest structure has the potential to 
impact large-scale hydrological processes throughout the region. 
 Tree mortality affects hydrology and land energy feedbacks through a number of 
complex interactions between vegetation and the hydrologic cycle. Within a MPB 
infected forest stand, trees will undergo three phases of mortality, referred to as green, 
red, and grey phase [Edburg et al., 2012]. A detailed description of the three phases as 
they relate to hydrologic interactions is presented in [Mikkelson et al., 2013a].  The Grey 
Phase, typically 4 years post infection, is most important to hydrologic response. In this 
phase transpiration has ceased and canopy structure is severely reduced. As expected, 
these canopy openings allow for an altered throughfall and radiation balance at the 
ground surface, projecting potential changes to snowpack dynamics, evaporation, soil 
moisture, and runoff as a result [Molotch et al., 2009; Vanderhoof et al., 2013]. 
 Studies investigating the complex ecological interactions of MPB induced tree 
mortality with the hydrologic cycle have produced a wide range of literature on many 
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individual aspects of the potential hydrologic response and changes to water quality and 
quantity. Several reviews highlight the recent literature in regards to conceptual models, 
hypotheses of expected impacts, observed and modeled hydrologic response, and 
biogeochemical changes [Adams et al., 2012; Mikkelson et al., 2013a; Pugh and Gordon, 
2013]. At the forest stand, or hillslope scale, results from a variety of field studies show 
general increases in MPB impacted forest snow water equivalence (SWE) [Boon, 2012; 
Pugh and Small, 2012; Perrot et al., 2014; Winkler et al., 2014], changes to the timing 
and magnitude of spring runoff from snowmelt [Biederman et al., 2014], mechanistic 
changes to transpiration in impacted stands [Collins et al., 2011; Hubbard et al., 2013], 
increased soil moisture under impacted trees [Clow et al., 2011], and modeled changes to 
the land surface energy and water budget [Mikkelson et al., 2013b]. Larger, multi-scale 
studies using both field and modeling techniques tend to focus on snowpack development 
and snowmelt under MPB impacted forests. For example, Biederman et al., [2014] found 
significant stand level changes under MPB impacted plots; however, their larger scale 
synoptic surveys did not. This is in contrast to several fine resolution regional-scale 
snowpack modeling studies that found significant differences in basin-wide snowpack 
under pine beetle impacted scenarios [Bewley et al., 2010; Schnorbus et al., 2010]. A gap 
in both modeling and observational studies exists in incorporating the well documented 
hillslope, or stand scale, processes into a fine resolution, large-scale heterogeneous 
conceptual model that includes significant groundwater, soil moisture, snowpack, land 
energy, and MPB impacted vegetation components.  
 The objective of this research is to study scaling behavior of hydrological 
processes related to MPB tree mortality from the hillslope to watershed in complex, 
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heterogeneous terrain using an integrated hydrologic model. Although visually MPB has 
affected large swaths of forest across the mountain west, the overall effects on hydrologic 
systems may be obscured as compensating factors emerge at larger scales. Results of 
larger-scale field based studies, e.g. [Stednick, 1996; Biederman et al., 2014], indicate 
that MPB impacts may not surpass total changes in forest structure needed to produce 
significant changes in annual water yield. Additionally, large observational field 
campaigns to examine watershed-scale impacts are hard to implement and are susceptible 
to inter-annual climate variability when deciphering MPB specific signals. The modeling 
framework presented here allows the unique control of individual components within the 
system and provides an opportunity to parse out what large-scale effects MPB may 
exhibit, or which compensating factors replace the roles that forest structure once had 
prior to the spread of infestation.  The conceptual models of watershed-scale hydrologic 
response built from the results of this study show that hillslope-scale hydrologic response 
is maintained; however, changes to watershed-scale annual water yield as a result of tree 
mortality are not as pronounced and are comparable to changes due to inter-annual 
variability. During snowpack development and spring runoff, contributions and timing of 
melt from unimpacted area across all elevations obscure hillslope-level increases in snow 
water equivalence (SWE) (Figure 1). Following peak runoff, summer transpiration is 
decreased by MPB tree mortality at the hillslope scale; however, increased soil 
evaporation, the contribution of unimpacted areas, and patterns of vegetation regrowth 
compensate for the loss of transpiration and result in little change of total 







 The headwaters of the Big Thompson River in Colorado begin along the 
Continental Divide in Rocky Mountain National Park and flow into Lake Estes reservoir 
in Estes Park, CO. In Lake Estes, natural flows from the Big Thompson are combined 
with imported water from the Colorado River headwaters as part of the Colorado-Big 
Thompson Project, supplying water for municipal and agricultural use on the plains to the 
east. The Big Thompson watershed above Lake Estes is 358 km2, and ranges from 7500 
ft elevation at the Lake Estes inlet to a maximum of 14255 ft along the divide at Longs 
Peak (Figure 3). The watershed is characterized by glacial features, including exposed 
bedrock outcrops, moraine features, and glacial till soils. Forested area below tree line 
(approx. 11000 ft along the Front Range) accounts for 60% of the total domain and is 
dominated by lodgepole pine and ponderosa pine forests susceptible to MPB induced tree 
mortality (Figure 4). Of the total forested area, aerial surveys show that 80% (48% basin-
wide) was infested from 1998-2011 (Figure 5). Several observation stations within the 
Big Thompson provide long-term records of runoff and snowpack observation. Stream 
gages located at the inlet to Lake Estes and within Moraine Park, Rocky Mountain 
National Park, are maintained by the US Geological Survey (USGS) and Colorado 
Division of Water Resources (CODWR), while snowpack and annual precipitation are 
measured by the Natural Resource Conservation Service Snow Telemetry (NRCS 
SNOTEL) network at two locations. Runoff patterns within the Big Thompson are typical 
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of high elevation inland mountainous terrain, with peak flow resulting from snowmelt 
driven processes and low flow occurring during winter snow accumulation. A 67-year 
record shows peak flows reach an average 599 ft3/s (~17 m3/s) around mid June at the 
headwater outlet gage (Colorado’s Surface Water Conditions, Big Thompson above Lake 
Estes, www.dwr.state.co.us/SurfaceWater/default.aspx, accessed 3/31/2014), which 
corresponds to the location of the model domain outlet. Snow in this region accounts for 
65% to 85% of annual precipitation [Baron and Denning, 1993], and reaches an average 
maximum snowpack SWE of 18.6 in (~472 mm) in late April (Bear Lake SNOTEL, 9500 
ft, 20 yr record, www.wcc.nrcs.usda.gov/nwcc/site?sitenum=322&state=co, accessed 
3/31/2014) [NRCS SNOTEL], with higher elevations receiving significantly more 
snowfall. 
Integrated Modeling Approach 
 Integrated hydrologic models solve surface and subsurface flow simultaneously 
and often include complete land-energy and biogeochemical processes. Additionally, 
their application to a wide range of hydrologic problems has grown substantially in recent 
years [Maxwell et al., 2014]. Here, a coupled ParFlow-CLM model was constructed for 
the Big Thompson headwaters above Lake Estes to incorporate the interactions that MPB 
impacted forests have on the near-surface hydrologic cycle and land-energy balance. 
ParFlow is a parallel, integrated hydrologic model that solves Richards’ Equation in 
three-dimensions coupled with overland flow routing at the top boundary with the two-
dimensional kinematic wave equation [Jones and Woodward, 2001; Kollet and Maxwell, 
2006, 2008; Maxwell, 2013]. ParFlow is coupled to the Common Land Model (CLM, 
[Dai et al., 2003]) creating the so-called, ParFlow-CLM model [Maxwell and Miller, 
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2005]. In this coupled configuration ParFlow handles all soil moisture, runoff generation, 
infiltration, and groundwater flow, while CLM handles evaporative fluxes related to the 
near surface energy balance as well as transpiration fluxes from vegetation and winter 
snowpack dynamics. Total evapotranspiration (ET) from CLM is defined as the sum of 
vegetation transpiration, canopy evaporation and sublimation, and soil evaporation. 
Sublimation from the snowpack surface is included in the soil evaporation variable 
during the winter months. A more detailed explanation of the ParFlow-CLM model is 
provided by Maxwell & Miller [2005] and Kollet and Maxwell [2008].  
Model Domain Setup 
 A ParFlow-CLM integrated model encompassing the Big Thompson headwaters 
was developed with the goal of maintaining a finely discretized grid to capture stand-
scale processes. The 25.7 by 26.6 km domain was discretized with a 100m x 100m lateral 
cell size. A 5-layer subsurface was developed with variable depths along a terrain 
following grid [Maxwell, 2013] with cell layer thickness increasing with depth. From the 
surface down, layer thicknesses were 0.1, 0.3, 0.6, and 1 m, respectively, and comprised 
of soil and outcrop properties. The bottom layer, with a 10m thickness, represented deep 
groundwater storage and flow with effective parameters to represent the low porosity, 
limited fracture network within this region [Clow et al., 2003]. 
Distributed cell properties within the model domain were assigned using a variety 
of public datasets. Surface slopes used in the terrain following grid and for overland flow 
calculation were derived from the US Geological Survey 10m digital elevation model, 
averaged over 100m to match the computational grid cell size. Soil properties for the top 
4 layers were assigned based on the Natural Resource Conservation Service SSURGO 
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soil maps for this region [NRCS, Soil Survey Staff] and the soil type average Van 
Genuchten parameters [Schaap and Leij, 1998]. The 10m groundwater storage and 
bedrock fracture flow parameters were derived from Clow et al. [2003] and Lui & 
Bodvarsson [2001]. Given a lack of detailed subsurface data, an effective parameter 
approach for deep groundwater storage and flow is applied here. Other approaches 
considered include a slope-depth exponential relationship for regolith and bedrock 
permeability; however, this approach proved too computationally taxing to simulate.    
 Distributed climatic forcings for CLM were derived from the North American 
Land Data Assimilation System (NLDAS) [Cosgrove et al., 2003], and include hourly 
datasets for water year 2008 (WY2008, 1-October-2007 to 30-September-2008). 
WY2008 represents an average year for domain runoff (Colorado’s Surface Water 
Conditions, Big Thompson above Lake Estes, 
www.dwr.state.co.us/SurfaceWater/default.aspx, accessed 3/31/2014), contains 36% total 
MPB impacted area within the watershed, and is a comparable period to other published 
modeling and field studies on MPB impacts at hillslope and stand scales. The NLDAS 
product was distributed over the model domain using a bilinear interpolation between 
reported measurement locations. The NLDAS product has been evaluated at numerous 
scales and reported to underpredict rainfall and snow in mountainous regions over the 
western US, as described in [Mo et al., 2012]. Although this may introduce bias when 
simulations are compared to point scale observations the results here do not present a true 
comparison of model output to field observations, but rather use NLDAS as 
representative climatic forcing over the domain. 
Incorporation of MPB impacts into the CLM Vegetation Schemes    
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Vegetation within the model domain was classified according to the 2006 
National Land Cover Dataset [Fry et al., 2011], with MPB impacted area determined 
from the National Forest Service Aerial Detection Survey dataset [USFS, 2011]. 
Vegetation input parameters to CLM were manipulated to reflect the influence of MPB 
and blue stain fungus induced mortality for the Green and Grey Phases of infestation 
(Table 1). The duration of the Red Phase and relative impact on hydrologic processes is 
less than that of the Grey Phase, and as such is not presented in this numerical 
experiment. Leaf area index (LAI), which influences canopy intercepted evaporation, 
transpiration rate, ground evaporation reduced by shading, and long-wave radiation 
emissivity, was decreased between the two phases of mortality. Green Phase LAI was 
held at the default levels of 5-6 for healthy evergreen needleleaf trees, while the Grey 
Phase LAI was reduced to a minimum of 1, representing a tree with only the stem area 
influencing canopy interception. Stomatal resistance was manipulated in CLM by raising 
the minimum stomatal resistance until transpiration approached zero. In the Green Phase 
stomatal resistance was not altered from a healthy tree; however, in the Grey Phase, when 
transpiration has ceased, the minimum was increased by three orders of magnitude (*103) 
by incorporating a minimum stomatal resistance multiplier value into CLM. The 
multiplier was set to 1.0 for all other vegetation types. Using these Grey Phase specific 
perturbations, a separate Grey Phase vegetation class was defined as an input to CLM to 
allow for a heterogeneous landscape that includes both impacted and non-impacted 
forested areas. A summary of the model equations used by ParFlow and CLM is 
presented in Mikkelson et al., [2013b].  
MPB Simulations and Comparisons 
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 Initial conditions in the model domain prior to MPB comparative simulations 
were developed with a two-step spinup process. In the first step, a completely dry domain 
was run to steady state conditions with CLM inactive using a domain constant 
precipitation-evaporation (P-E) value and no climatic or vegetation influences. Over ~7 
years of simulation the domain achieved hydrologic equilibrium, established a water 
table, and stream flow developed along the stream channel locations as expected. Results 
of the steady state conditions were then used as initial conditions for spinup step two, a 
transient spinup. In this step, the full PF-CLM model assuming all healthy vegetation 
with WY2008 forcing was run at an hourly timestep for three consecutive years until the 
annual change in storage within the domain (!S) was a negligible amount of total domain 
storage (<1%). End-of-year conditions for the third year of transient spinup were then 
used as initial conditions for comparative Green and Grey Phase MPB impacted 
simulations. 
 Green and Grey Phase simulations are examined in this study to represent the 
minimum and maximum potential impact of MPB on overall watershed response. 
Although Red Phase effects have been presented in previous modeling studies (e.g. 
Mikkelson et al. [2013b]), the relatively short duration of Red Phase compared to 
persistent Grey Phase mortality and overall potential for observable response between the 
two phases informed the decision to compare maximum potential impacts from only Grey 
Phase vegetation changes. A single Green Phase simulation, representing healthy or 
recently infected trees, is compared to 5 consecutive years of Grey Phase runs forced 
with the same WY2008 NLDAS meteorology. For example, the end of the first Grey 
Phase simulation was used as initial conditions for a second Grey Phase simulation, 
! "#!
keeping the WY2008 forcing data constant in both simulations to control for potential 
bias or difficulty in interpreting results attributed to inter-annual variability. Results of 
the Grey Phase simulations are compared both spatially and temporally to the Green 
Phase simulation.  This provided a controlled numerical experiment where the difference 
between control and perturbation simulations was only due to MPB impact, allowing for 
detailed comparisons and an assessment of the time for this land-cover disturbance to 
propagate throughout the watershed. 
 The magnitude of change related to Grey Phase MPB tree mortality was 
compared at the hillslope scale (single domain cell), within all MPB affected area, and at 
the watershed scale. At the hillslope scale, single cells at low elevation (~3200m) and 
middle elevation (~3700m) in both impacted and non-impacted areas, along with an 
alpine hillslope (~4200m) above treeline and without MPB influence, were compared 
between the two phases (Figure 3). Expected results would include no change in total 
evapotranspiration (ET), snow water equivalence (SWE), and soil saturation in non-
impacted and alpine hillslopes between phases, and measurable changes in impacted 
areas similar to the results reported in Mikkelson et al., [2013b] and related field studies. 
Within all MPB impacted area and the overall watershed, spatially averaged and 
temporally aggregated simulations of the ET components, SWE, and runoff were 
compared between phases. Comparisons between the two phases of infestation were 
analyzed between the single Green Phase simulation and the fifth year of Grey Phase 
simulation (Grey 5). The first year of Grey Phase simulation produced slightly varying 
conditions compared to all other Grey Phase simulations. This could be attributed to the 
sudden application of tree mortality in the modeling framework, and can be though of as 
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an additional year of Grey Phase spinup. Results for the second through fifth years of 
Grey Phase (Grey 2-5) were not significantly different at any scale presented and are 
largely omitted from the presented results. The conceptual framework (Figures 1 and 2) 
that spans elevation zones and varying levels of pine beetle influence is fully represented 
by the manipulation of three specific vegetation parameters between the Green and Grey 
Phases. The hillslope-scale propagation of these manipulations is apparent between 
phases; however, compensating factors are shown to increase with scale and decrease 
measurable changes to annual water yield. 
 
1.3 RESULTS AND DISCUSSION 
Simulated Basin Response to MPB 
 The simulated hydrographs show very minor differences in basin runoff from the 
Green and Grey Phases of MPB induced tree mortality (Figure 6). Visual differences in 
the hydrograph are most pronounced towards the recession of spring snowmelt runoff, 
and overall, Grey Phase simulation produced an 11% greater cumulative runoff volume 
(Figure 6) and depth of 27.73 mm (Table 2). The average daily root mean square 
difference in the Grey Phase hydrograph was 0.365 m3/s. 
 Total subsurface storage also increased from the Green Phase to Grey Phases, 
leading to an average of 4% greater storage in Grey Phase simulations. Temporal patterns 
of storage change from the previous simulation year show a 20.19 mm increase during 
the first year that rapidly drops to near zero change in storage by the fifth simulation year. 
This implies that under static MPB conditions, large changes in basin storage are 
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influenced more by inter-annual variability in climatic inputs, such as rainfall and SWE, 
than by MPB specific influences. 
 
Hillslope Comparisons 
 The fine-scale processes observed in field studies and small-scale modeling are 
preserved in the fine-scale resolution of the larger Big Thompson watershed model. 
Isolating several surface cells (Figure 3), each representing an effective hillslope within 
the larger domain, shows patterns in SWE, total ET, and soil saturation similar to those 
reported in Mikkelson et al., [2013b]. Hillslope points were selected at a range of 
elevations present within the domain to examine if the magnitude of MPB impacts is also 
elevation dependent. Healthy, or unimpacted, hillslopes were also analyzed to provide 
confidence in capturing only MPB specific hydrologic changes. No change was observed 
in all simulated variables on healthy hillslopes between the two simulated phases, 
indicated that changes to hydrologic response are only due to tree mortality effects. 
Regarding SWE in MPB impacted Grey Phase forests at low and middle elevations, loss 
of canopy interception allowed for a greater peak SWE compared to the same hillslope 
under Green Phase trees (Figure 7). Peak SWE difference at the lower and middle 
hillslopes was simulated to be 39mm (38%) and 46mm (14%), respectively. These values 
are comparable to paired forest plot observations that reported 15% [Pugh and Small, 
2012], and 20% [Biederman et al., 2014] increases in peak SWE under Grey Phase 
stands. The pattern and timing of melt; however, was different between the low and 
middle elevations. At the lower elevation the snowpack appears to reach isothermal 
conditions at approximately the same time between phases. The rapid rate of melt at 
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lower elevations causes no noticeable difference in the overall timing of snow loss. At the 
middle elevation; however, melt rates in the Grey Phase diverge from the Green Phase 
and show a simulated 4-day earlier loss of snowpack (Figure 7b). In the alpine zone 
above treeline there were no simulated differences in SWE, indicating that the role of 
alpine zones in MPB impacted watersheds may aid in dampening MPB related response 
when viewing the entire watershed as a hydrologic unit.  
 Total evapotranspiration (ET) also shows an expected pattern at the hillslope 
level, with less ET in Grey Phase simulations (Figure 8). Difference in cumulative ET 
between phases was simulated at 140mm (26%) and 25mm (37%) in the lower and 
middle elevation hillslopes, respectively, which are comparable to Hubbard et al. [2013] 
that report tree-scale transpiration losses of 60%. At the lower elevations, a drop in mid-
Summer ET in the Green Phase compared to the Grey Phase simulation may be the result 
of moisture limited transpiration as saturation reaches residual levels while greater 
storage and available moisture for ground evaporation are present under the Grey Phase 
(Figure 9). Similar to SWE, sparse grassland and vegetation in the alpine zone shows no 
change between MPB Phases as expected.  
Spring soil saturation patterns are heavily dependent on snowmelt patterns and 
ET. Following the onset of spring melt, an earlier transition to greater soil moisture is 
visible at both Grey Phase impacted hillslopes (Figure 9), and overall soil moisture is 
greater throughout the water year, comparable to Clow et al. [2011] who report similar 
summer trends in soil plots under Green and Grey Phases. In the middle elevation 
hillslope, there is a brief period where soil moisture in the Grey Phase is less than the 
Green Phase. This is a response to the change in snowmelt timing (Figure 7) and quickly 
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returns to lower soil moisture in the Green Phase as summer transpiration increases. 
Overall, hillslope-scale simulations maintain expected hydrologic response to MPB 
induced Grey Phase tree mortality that is similar to both observational studies and a 
hillslope model [Mikkelson et al., 2013b], and highlight the role that elevation and 
unimpacted areas contribute when aggregating many heterogeneous hillslopes to larger 
scales. 
SWE and ET Components over the Total MPB Impacted Area 
 The trends visible at the hillslope scale are maintained when spatially averaging 
over all MPB impacted areas within the model domain. Modeled peak SWE is 33mm 
(9%) greater in MPB impacted areas during the grey phase; however, similar to the lower 
elevation hillslope, the rate of melt is quicker and rapidly matches that of the Green Phase 
simulation, with no noticeable difference in timing of melt (Figure 10). The distribution 
of peak SWE difference between the two phases is heavily dependent on elevation and 
reaches a maximum near 100 mm in higher elevations. Simulated changes in the timing 
of melt at the hillslope scale diminish when considering both low and middle elevation 
impacted areas, impling that the variability of snowmelt timing within impacted areas as 
a result of elevation differences is greater than variability induced by MPB impacts alone. 
 Similar to SWE, the components of evapotranspiration also follow expected 
patterns in all MPB impacted areas (Figure 11). Total evapotranspiration from CLM is 
defined as the sum of vegetation transpiration, canopy evaporation and sublimation, and 
soil evaporation. Transpiration shows the greatest difference between phases, especially 
during summer peak transpiration when the healthy Green Phase transpiration is 
maximized, and Grey Phase transpiration is inhibited. The loss of canopy structure is also 
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apparent in canopy intercepted evaporation, including intercepted snow that is 
subsequently sublimated, and fall rainstorm events where throughfall is limited in the 
Green Phase by higher LAI. Increased radiation at the ground surface as a result of 
canopy loss and the previously described increases in soil moisture are manifested in the 
overall increase in soil evaporation, which includes snowpack sublimation through the 
winter. Although greater soil evaporation occurs throughout the Grey Phase simulation, it 
is not enough to compensate for the transpiration and canopy evaporation losses in MPB 
impacted areas. Overall, total ET is higher in the Green Phase simulation, leading to a 
cumulative difference of 125mm (24%) more ET compared to the Grey Phase simulation.  
Compensating SWE and ET Factors in the Big Thompson 
 When considering the entire Big Thompson Headwater domain, the effects of 
changes in components of total ET in MPB impacted areas are dampened by the addition 
of healthy forests, non-forested area and alpine zones (Figure 12). The large gap in 
maximum summertime transpiration is less pronounced at the watershed scale and the 
difference between Green and Grey Phase simulations is only 8mm (Figure 12a). 
Inclusion of healthy and unimpacted area also decreases the difference in canopy 
evaporation. The most pronounced difference in canopy evaporation is during the winter, 
and may be attributed to higher snowfall in middle elevations where impacted forests are 
likely to exist. Despite this critical zone of MPB influence, when viewed on a watershed 
level the spatially averaged canopy evaporation only accounts for a difference of 33mm 
(2% total ET) of cumulative evaporation. Grasslands, barren or sparsely vegetated 
outcrops, and the alpine zone contribute to no significant difference in soil evaporation 
throughout the year between the two phases. The only divergence in soil evaporation at 
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the watershed scale occurs during late summer/early fall when rainfall increases soil 
moisture available for evaporation. The maximum difference here is only 3mm. The 
result of dampened differences in all ET components is a total ET with little change 
between Green and Grey Phases (Figure 13). Simulated cumulative total ET differs by 
only 44mm (10%) through the water year. Similar in pattern to ET, peak SWE differs by 
only 12mm (3%) between phases, with no substantial difference in the timing of 
snowmelt at the watershed scale. 
 Overall, decreased basin wide changes in ET and increased SWE between Green 
and Grey MPB Phases contribute to no substantial changes in simulated mean daily 
streamflow and annual water yield. The magnitude of simulated annual water yield 
increase from the Green to Grey Phases can be shown from a controlled numerical 
exeperiment, but would be hard to decipher from observational records susceptible to 
inter-annual variability. Precipitation in this region is dependent on several contributing 
processes, including basin and range orographic snowfall, upslope storm events, late 
summer orographic rainfall, and others, that make identifying patterns of variability 
difficult in this region [Shinker, 2010]. The scaling MPB impacts from hillslope to 
watershed compare well to other observational field studies, e.g. Biederman et al. [2014], 
where the complexity associated with heterogeneous terrain obscures the stand or 
hillslope-level changes directly under MPB impacted forests. The simulated response to 
MPB inducted tree mortality is similar to the results presented in Stednick [1996] for 
timber harvesting, where regional annual water yields were not significantly impacted 
until specific tree harvest thresholds within the region were surpassed. Although timber 
harvest and MPB induced tree mortality are different processes, they share similarities in 
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effectively removing transpiration and canopy structure in affected areas. In the Rocky 
Mountain Region, a 15% total harvest area was required before a significant response in 
annual water yield. The Grey Phase simulations for WY2008 represent a 36% impacted 
area; however, forest stands in the Grey Phase still include stem and trunk area, along 
with patterns of regrowth and new canopy structure. In this sense the threshold for visible 
water yield changes is not surpassed under MPB scenarios represented in this study. In 
the natural system, tree mortality is also temporally distributed in impacted areas, leading 
to uneven stand ages and regrowth patterns that may obscure hydrologic and 
biogeochemical responses [Rhoades et al., 2013]. 
MPB Related Changes to Groundwater Storage and Future Informed Observations 
 Simulated water table depth (WTD) under Green and Grey Phases showed a 
general decrease in depth (shallower water table) related to increased storage under Grey 
Phase impacted areas (Figure 13). The distribution of raised water table locations is 
similar to the mask of pine beetle impact and can inform the location of future 
observational points for studies of nutrient cycling dynamics, changes in the source of 
baseflow from groundwater inputs, and where patterns of regrowth may be most 
influential at the hillslope or larger scales.  
1.4 CONCLUSIONS 
 Using a modeling framework that maintains hillslope-scale properties, the effects 
of MPB induced tree mortality were simulated at the watershed scale with high resolution 
to evaluate the overall potential hydrologic response. This framework aims to improve 
represention of natural systems by incorporating small-scale heterogeneity into known 
contributors of hydrologic variability such as surface slopes, soil and bedrock properties, 
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land cover type, and atmospheric forcing. After controlling heterogeneity, the specific 
hydrologic factors related to MPB induced tree mortality were isolated and shown to 
produce changes in watershed hydrologic response that were dampened when compared 
to the hillslope scale. The numerical scaling of MPB impacts are counter-intuitive in that 
hillslope-scale impacts are very pronounced and would initially be expected to propagate 
throughout the larger system. Simulations showed that the small-scale processes can be 
captured well with finely resolved physically based models, and that the large-scale 
processes can be further examined to better conceptualize why small-scale processes are 
less influential at larger scale. The result is a new large-scale conceptual model of MPB 
influence within headwater basins that includes elevation dependent processes, 
heterogeneous hillslope properties distributed with the larger system, inclusion of 
unimpacted terrain, and an increased understanding of the role groundwater storage and 
soil moisture dynamics have. Additionally, the fine resolution allows informed 
monitoring and observations within headwater domains as new secondary impacts of tree 
mortality emerge. 
 The simulated changes presented here represent the maximum potential change 
that might be expected due to MPB-induced tree mortality in hydrologic systems with 
similar attributes to the Big Thompson Headwaters under average conditions. Under 
extreme climatic water years or events, such as above average snowpack development or 
unprecedented rainfall amounts, the effects of MPB induced tree mortality may be 
amplified when observed or simulated at the watershed scale. Loss of canopy and the 
effects on snowpack energy balance could produce greater spring snowmelt signals with 
snowpacks that are more developed. The timing of snowmelt signals could be dependent 
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on overall soil antecedent conditions prior to the onset of snowmelt, of which impacts 
have been observed and simulated at the hillslope scale [Clow et al., 2011; Mikkelson et 
al., 2013b], This dependence is related to the capacity of soils to respond to snowmelt 
and initial infiltration following ground thaw. Additionally, large rainfall events in MPB 
impacted terrain may have complex interactions that have yet to be explored, such as the 
loss of live root systems, effects on overland flow, and downed tree contribution to debris 
flow. 
The natural system, especially in regards to vegetation, is more dynamic than 
presented here, and future work could better incorporate these aspects to aid in 
forecasting of hydrologic response. Patterns of tree mortality and the regrowth period 
following MPB tree mortality may be important, especially for the current state of forests 
experiencing varied stand ages and understory growth with no expansion of MPB 
infestation. Although changes to SWE and total ET are dampened at larger scales, the 
increase in subsurface storage is important information for water resources managers and 
water supply for populated areas that rely on headwater snowmelt, runoff, and reservoir 
storage. The changes in storage and runoff highlighted by this study would be difficult to 
observe in the natural systems, and may even vary during prolonged periods of regrowth. 
The results suggest that regional modeling and forecasting in MPB impacted areas will 
need to maintain fine resolution in to capture hillslope-scale processes, and that 
improvements on vegetation classification and sub-pixel vegetation distribution can be 
included to best represent the natural system.  
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APPENDIX A: Tables 
 
 
Table 2. Simulated temporal changes in basin storage and runoff 
MPB Phase !Sp (mm) !Sg (mm) Rc  (mm) % Diff Rc Green 
Green -3.03 - 244.74 - 
Grey 1 20.19 20.19 253.58 4% 
Grey 2 3.21 23.40 267.91 9% 
Grey 3 0.66 24.06 271.47 11% 
Grey 4 0.05 24.11 272.57 11% 
Grey 5 -0.09 24.02 272.47 11% 
!Sp = change in storage from previous year (or spinup for Green/Grey 1) 
!Sg = change in storage from Green Phase 
Rc = Cumulative runoff simulated at domain outlet 
% Diff = Percent Difference from Green Phase cumulative runoff 
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APPENDIX B: Figures 
 
 
Figure 1. Conceptual model of elevation and vegetation dependent SWE distribution contributing to basin 































 Figure 2. Conceptual model of distributed vegetation and heterogeneous ET response contributing to basin 




































Figure 3. Stream network, elevation, and select points within the Big Thompson Headwaters. HILLS 
represent the location of hillslope scale analyses, OBS points correspond to the location of USGS, 


































Figure 5. MPB impacted area in the Big Thompson Headwaters, 1998-2008. 
 
Figure 6. A) Mean daily outflow (m^3/s) and B) water year cumulative outflow (*107 m3) for the Green 

























































Figure 7. Hillslope scale SWE (mm) at two MPB impacted sites, Low and Mid Elevation, and one Alpine 




Figure 8. Hillslope scale Total Evapotranspiration (mm) at two MPB impacted sites, Low and Mid 
Elevation, and one Alpine site above treeline. Green and Grey Phase ET in the Alpine site are 
equivalent. 
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Figure 10. A) Spatially averaged SWE (mm) in all MPB impacted areas. B) Spatial distribution of peak 
SWE difference (Grey Phase – Green Phase). 
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Figure 13. Spatial averaged simulated hourly SWE and monthly total evapotranspiration in the Big 
Thompson Headwaters. 
!
Figure 13. Water table depth from surface and difference, Grey Phase – Green Phase, simulated on June 1st 
and August 1st.  Blue areas in the difference plots correspond to a higher water table (shallower depth) 
under Grey Phase impacted areas. 
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